Magnetic resonance (MR) images are analyzed in conjunction with petrographic data to evaluate the textural characteristics of rocks dominated by fabric-selective dolomitization. The magnetic resonance imaging (MRI) measurements reveal the three-dimensional geometry of the physical sedimentary structures and the trace fossils that influenced dolomitization and porosity development.
INTRODUCTION
Visualizing the internal structure of carbonate rock by nondestructive means is inhibited by the lack of density contrast between the primary carbonate-rock-forming minerals, calcite, aragonite and dolomite. Visualizing the porosity distribution is also difficult, because only mesoscale vugs are easily detected with standard techniques, such as X-ray and X-ray computed tomography (CT) scans. Also, if the porosity distribution is determined by such techniques, one cannot determine if the observed porosity represents effective (connected) or ineffective (isolated) pores.
An advanced magnetic resonance imaging (MRI) technique, single-point ramped imaging with T 1 enhancement (SPRITE, Balcom et al., 1996) , has the potential to improve our understanding of porosity distribution in carbonate rocks. Like the aforementioned techniques, SPRITE does not resolve mineralogical heterogeneity. It is exceptionally useful, however, for the mapping of effective pore space. Because the porosity must be imbibed with a fluid to provide a measurable MRI signal, the images generated by these techniques generally show the effective porosity (to that fluid). This technology may also be used to study petrophysical aspects of a medium and the macroscopic flow properties of fluids (Kenyon, 1992) .
PREVIOUS WORK
Only standard spin-echo MRI techniques have previously been applied to the study of sedimentary rocks. Although this was initiated with high expectations and produced some excellent results (Chen et al., 1996; Hoffman et al., 1996; Brancolini et al., 1997) , the research gradually lost momentum as some of the limitations regarding traditional MRI, and its application to rocks, became more apparent. The key limitation was the sensitivity of the MR method applied, and the minimum observable porosity. Clinical MRI instruments, for example, are not especially useful when the effective porosity falls below 20%. In material applications, MRI technology has tended towards the observation and spatial encoding of shorter MR-lifetime signals, thereby increasing the technique's sensitivity. In recent work, we showed that short echo time spin-echo techniques might permit observation of minor variations in porosity, and pore geometry can be resolved. Gingras et al. (in press) used this method to observe millimetre-scale porosity conduits, interpreted as representing the fossil passages of worms, which could be mapped throughout a sandstone sample. Notably, the difference in porosity between the matrix and the conduits was less than 2% (based on the total volume).
The SPRITE technique has previously been applied to the study of sediments or sedimentary rocks. Rack et al. (1998) were able to visualize the internal architecture of PleistoceneHolocene lake sediments from Lake Winnipeg in central Canada. The application of this technique and turbo spin-echo single-point imaging (turboSPI) in other heterogeneous materials, such as concrete and Tepexel aggregate (Beyea et al., 2000) , show that the SPRITE technique is capable of providing high-resolution MR images where standard spin-echo MRI techniques fail.
ROCKS STUDIED
This paper focuses on the textural heterogeneity of two limestone-dolomite samples taken from outcrop. They are from the Palliser Formation near Cadomin, Alberta (Fig. 1) , where the rock is exposed in thrust sheets associated with the Front Ranges. Both samples, selected for their reservoir characteristics, have a low permeability, limestone matrix with negligible effective porosity. The limestone encompasses chaotically distributed, fabric-selective dolomite, which has a higher effective porosity of about 5-6% (Fig. 2) . The dolomite is interpreted as representing diagenetic alteration around physical sedimentary structures and biogenic structures (ichnofossils).
METHODS
The SPRITE method represents a modified version of the single-point imaging (SPI) method that has been used to image porous concrete material (Beyea et al., 1998; Cross et al., 1998) . SPRITE employs ramped phase-encoded magnetic field gradients, with a radio frequency (RF) pulse applied at each gradient step (Balcom et al., 1996) . Single data points are acquired at each gradient step. Sample-based characteristics that influence the signal intensity include the local proton (hydrogen) density and the local MR relaxation times. Experimental parameters are the signal encoding times (t p ), the time between RF pulses (repetition time, TR) and the RF flip angle (α). Given these variables, image interpretation is complex.
Ongoing work is directed at increasing the fundamental sensitivity of these techniques, while simplifying the image contrast and thereby the image interpretation. Equation 1 relates the signal intensity at any point in a SPRITE image to the proton (water) density ρ 0 , the experimental parameters t p , TR and α, as well as the MRI signal relaxation times T 2 * and T 1 . The T 2 * relaxation time is the effective spin-spin relaxation time. It governs the exponential decay of the MR signal following an RF pulse. The T 1 relaxation time is the spin-lattice relaxation time, which governs the recovery of the sample magnetization during the recovery period (TR), following perturbation by an RF pulse.
Two fragments of Palliser Formation were prepared for analysis. Sample A, with a crude wedge shape, measured 9 x 12 x 16 cm and had fresh (broken) surfaces on all sides. Sample B measured 16 x 12 cm, had an almost rectangular shape, and was cut to form a slab 2 cm thick. To prepare for acquisition of the SPRITE images, the two samples were saturated by placing in about 25 cm of distilled, standing water for about 24 hours.
The samples were removed from the water 20 minutes before being subjected to MRI. The SPRITE technique was implemented on a Nalorac 2.4 T, 32 cm horizontal bore, superconducting magnet. Imaging experiments were conducted at ambient temperature with a Tecmag Libra S-16 console. The RF probe was a homebuilt birdcage coil. The RF amplifier was a 2 kW AMT Model 3445. Magnetic field gradients were driven by Techron 7780 amplifiers. For each image (in three orthogonal directions), the gradient was ramped in 64 steps with 2 ms step lengths. The delay between successive gradient ramps was 300 ms. Under these experimental conditions, the acquired images have substantial T 1 weighting (desirable with the SPRITE technique). Signals from rock regions with T 1 relaxation times longer than several milliseconds will have reduced image intensity.
The image data matrix has 64 3 data points, which were acquired in a conservative overnight experiment, with 32 signal averages. The image field of view was 17 cm isotropically, with a phase encode time of 80 µs, and an RF pulse flip angle of 16°. The nominal image resolution was 2.5 mm isotropically. Measurement of the bulk MR relaxation time for carbonate samples A and B revealed T 2 * signal lifetimes of hundreds of microseconds with multiexponential T 1 relaxation with short lifetime components of tens of milliseconds and long lifetime components of hundreds of milliseconds. Relaxation times in these ranges are ideally suited to the SPRITE technique.
RESULTS AND INTERPRETATION

PETROGRAPHY
Both samples used in this study are petrographically similar. The rock comprises lime mudstone that envelops planar and tubular finely crystalline, euhedral, equant, and locally sucrosic dolomitized zones. Although little variation exists in either cement, small allochems (mostly crinoids and small brachiopods) are scattered throughout. Dolomite appears to have replaced the calcite wherever it is present, the strongest evidence of which is locally common, partially dissolved calcite crystals scattered amongst the dolomite crystals. The limestone has a variable (point count) porosity, between 1 and 2%. Dolomitized zones commonly exceed 5% porosity. The absence of dissolution textures, replacive nature of the dolomite, its pervasive (and penetrative) distribution, and its similarity to subsurface examples from the Wabamun Formation, suggest that the dolomite is not a surficial weathering product.
MR IMAGES
Sample A
Sample A was chosen for study based on the chaotic distribution of dolomite patches seen on the rock's surface (Fig. 3A) . As expected, selected 'slices' through the image, which are bedding parallel, show that internal heterogeneity is remarkably high (Fig. 3B-E) . Calibration of high MR signals (bright zones) to the petrographic data suggests that the strongest signals are generated from portions of the rock where the porosity exceeds 4% and approximately coincide with the presence of dolomite cement. Presumably, because the sample was saturated with water, only the effective porosity is shown.
Higher MR signals define approximately tubular, dolomitized ichnofossils that locally branch and interpenetrate (Fig. 3A) . Each of these zones has a diameter of between 0.5 and 1.0 cm. Higher resolution images may reveal smallerdiameter loci of comparatively high porosity. The burrows in Sample A are mostly parallel to bedding but some vertical, branching tubes are present (Fig. 3B, C) . The trace assemblage is composed of the ichnogenera Thalassinoides and Planolites; diagenetic cements inhibit a more detailed taxonomic evaluation.
Higher MR signals associated with the highest porosity in Sample A, occupy 18% of the rock volume. This, together with burrow-affected zones, which show a moderate MR signal, constitute 57% of the rock volume. A surface-rendered, 3-D image of high intensity regions associated with the inferred porous zones (Fig. 3F) show that the porosity network is connected and potentially provides a tortuous flow medium for fluids.
Sample B
Sample B is different from A in that some of the primary sedimentary structure is preserved, mostly as wavy-parallel lamination. In addition, three stylolites crosscut the rock fabric ( Fig. 2A) . These are approximately bedding parallel (Fig. 4A) . Like Sample A, high MR signals are associated with areas of the rock that have approximately 4% porosity or more (Fig. 4B,  C) . The stylolites, or the stylolite-affected rock, are also associated with a strong MR signal. This seems to be related to higher porosity rock adjacent to the stylolites (confirmed petrographically), but the resistate minerals preserved within the stylolites may also contribute to the MR signal.
Higher porosity zones are associated with horizontal, planar elements, and tubular structures that are dominantly perpendicular or oblique to the planar structures. The planar porosity streaks correspond to locations where planar 
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lamination has been identified and to areas affected by the stylolites. Tubular structures, which are mostly about 1 cm in diameter, branch locally, and probably represent Thalassinoides. Close inspection of the rock shows that smaller Planolites and Chondrites are not resolved in these experiments ( Figs. 2A and 4A ). Areas characterized by higher MR signals occupy 24% of the rock volume. Areas that show a moderate MR signal, or higher, represent 49% of the sample volume. The 3D surface rendering of the high intensity regions (Fig. 4D, E) suggest that the porosity network locally connects planar elements and provides a tortuous means of vertical communication between horizontal, parallel beds.
DISCUSSION
The MR images clearly show the internal heterogeneity present in the Palliser Formation (Figs. 3 and 4) . Bright spots in the image that are related to higher porosity are consistently associated with diagenetic cements. Those cements are texturally selective and are focused typically in and around physical and biogenic sedimentary structures. MRI sections that reflect the internal heterogeneity of the sample. F. Three-dimensional reconstruction of zones that exceed about 4% porosity (extrapolated from thin section). High signal intensity is white, low signal is black. The images are blurry due to the resolution of the technique.
Textural relationships and the selective dolomitization observed in the Palliser Formation are important, as they generate heterogeneous porosity, the flow properties of which, if understood three-dimensionally, are tractable (Gingras et al. 1999) . Similar fabrics are common, especially in Ordovician and Devonian strata. Excellent examples include the Ordovician Bighorn Dolomite in Wyoming (Zenger, 1996) ; the Ordovician Red River Formation in Saskatchewan and Manitoba, Canada (Kendall, 1977) ; a Devonian example in the Camsell Formation, Northwest Territories (Morrow, 1990) ; and the Palliser's subsurface equivalent, the Wabamun Formation.
Although hydrocarbon extraction is common from the Red River and the Wabamun formations, the tortuous, heterogeneous fabrics, which locally constitute a burrow-hosted reservoir, have received very little attention. This is partly due to difficulties in deriving three-dimensional data for input into modelling software. Quantifying the impact of heterogeneous fabric on reservoir and resource quality is an exceptionally important next step, if accurate estimates of deliverability and recoverability are desired.
Such a clear example of patchy porosity distribution shows that 1) fluid-transport interaction between the flow media and the tighter limestone matrix are probably extensive; 2) patchy dolomite and its associated porosity, or lack of porosity, are conceptually similar to fractured media; and 3) these fabrics are more complex than fractured media. Therefore, the potential presence of a complex reservoir fabric must be considered, if enhanced recovery techniques are planned for a reservoir.
MRI-SPRITE methods are an ideal tool for producing raw data for flow modelling. The MRI technique has great potential in flow modelling as it is passively sensitive to the effective porosity present in a rock. Dynamic tests should be possible with these techniques; such tests would enable researchers to determine important parameters, such as bulk permeability, hydrodynamical permeability, and dispersivity, using real rocks. Although scaling issues are considerable, all of these Fig. 2) . A. Vertical section through the slab. Horizontal elements are much more common in this sample (compared to Sample A). Vertical heterogeneities, interpreted as occurring around trace fossils, are quite common (white arrow). Black arrow shows the location of porosity adjacent to stylolites. B. Similar to 4A, but represents a different 'slice' within the rock. White arrow shows the location of a vertical trace fossil. C. Three-dimensional model, with a porosity cutoff of approximately 4%. D. Three-dimensional model, with a porosity cutoff of 5-6%. The two discrete, horizontal porosity zones are conceivably linked vertically by burrow-related dolomite. High signal intensity is white, low signal is black. The images are blurry due to the resolution of the technique.
parameters, except dispersivity, are scalable. Dispersivity is scale-dependant, but is a function of rock heterogeneity, which can be assessed with MRI.
CONCLUSIONS
The data presented herein show the potential of MRI-SPRITE as an imaging tool for low-porosity rocks. The improved results offered by this technique demonstrate that the technology to advance petrological studies with MRI techniques is available. The results are notable because 1) they successfully resolve the porosity distribution in a rock that is characterized by a low overall porosity (generally less than 6%); 2) the three-dimensional data required to model the porous network is accessible through the MRI technique; and 3) although the technique doesn't measure the pore size and pore distribution directly, these data can be retroactively calculated from the image if petrographical analyses are conducted in conjunction with MRI analyses. More sophisticated MRI experiments would probably provide detailed porosity data. The link between petrographic evaluation and the interpretation of the MR images will ultimately support nuclear magnetic resonance data obtained from subsurface techniques and should improve interpretations derived from such data. Therefore, future research might focus on dynamic MRI applications, and to the effect mineralogy, pore character and pore distribution have on the MR data.
